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FOREWORD 


This is the Final Report on IIT Research Institute Project No. M06044 
(formerly D6161), "Development of Orthotropic Birefringent Tiaterials for Photo- 
elastic Stress Analysis," prepared 5y ITTRI for NASA-Langley Research Center, 
under Contract No. NASl-15541. The work described in this report was conducted 
in the period September 26, 1978 to November 15, 1980. Dr. Paul A. Cooper was 
the NASA-Langley Project Manager. Dr. I. M. Daniel of IITRI was the principal 
investigator. Additional contributions to the work reported herein were made 
by G. M. Koller and T. Niiro. 

Use of commercial products or names of manufacturers in this report does 
not constitute official endorsement of such products or manufacturers, either 
expressed or implied, by the National Aeronautics and Space Administration. 
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1 . INTRODUCTION 


Photoelastic methods of stress analysis have been applied extensively to 

composite materials and structures. Two- and three-dimensional micromechanics 

1 2 

studies have been conducted using scaled-up models of filamentary composites. ’ 
Microphotoelastic experiments have been conducted utilizing models with proto- 
type (boron) reinforcing filaments to closer simulate the three-dimensional 

3 4 

state of stress and bond characteristics of the prototype composite. ’ In 
macromechanical studies the photoelastic technique used most extensively is 
that of photoelastic coatings. These coatings, which can be applied directly 
to prototype (opaque) composite laminates, have been used successfully.^’^ 

In recent years attempts have been made to combine the basic approach of 
photoelasticity with more realistic modeling of fibrous composite materials. 
MacromechanicaT stress analysis can“be conducted by means of anisotropic photo- 
elasticity using transparent birefringent composites. These materials are 
glass- fiber reinforced plastics with the matrix and the fibers having the same 
index of refraction. Transparent fibrous composites can be made to simulate 
the anisotropy of opaque fibrous composites such as boron/epoxy, graphite/ 
epoxy, etc. These transparent composites can be treated as homogeneous materials 
with anisotropic elastic and optical properties. 

Most of the research in this area has been conducted by a small number of 
9-20 

investigators. It has dealt primarily with measuring fringe values for a 
unidirectional material and developing stress- (or strain-) optic laws corre- 
lating the macroscopic state of stress (strain) with measured average bire- 
fringence. 

The material for the anisotropic photoelastic studies above is not readily 
available and existing techniques produce materials with limitations in their 
mechanical and optical properties. The NASA-Langley Research Center, recog- 
nizing the need to develop optimized procedures and produce such material, has 
sponsored this program. The specific objective of this program was to develop, 
fabricate and deliver unidirectional and multt-ply transparent birefringent 
fibrous composite laminates. 
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The program consisted of the following tasks: 

Task 1 . Material Development 

The objective of this task was to develop constituent materials and fab- 
rication procedures to produce flat sheets of glass fiber reinforced composite 
with sufficient orthotropy, transparency and birefringence, such that they can 
be used for two-dimensional photoelastic analysis of orthotropic structures. 

Task 2. Mechanical and Optical Characterization 

The objective of this task was to determine the orthotropic mechanical 
and optical properties of the material developed. 

Task 3. Fabrication of Laminates 

The objective of this task was to fabricate birefringent composite 
laminates of the following layups: [0^1*. [±45]^^; [0/±45/90]^^ . 

Task 4. Fabrication of Birefringent Laminates with Embedded Flaws 

The objective of this task was to develop techniques and fabricate bire- 
fringent composite laminates of [0^]* and [0/±45/90]^^ layups with 

embedded flaws. 

Task 5. Fabrication of Thick Birefringent Laminates 

The objective of this task was to develop techniques and fabricate bire- 
fringent composite laminates of [02n^ » ^“^^^2ns [0/±45/90]2^g layups and 

twice the thickness of those of Task 3. 
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2. ANISOTROPIC PHOTOELASTICITY 


2.1 INTRODUCTION 

Anisotropic photoelasticity (or photo-orthotropic elasticity as called by 

others) combines the basic approach of photoelasticity with more realistic 

modeling of the prototype fibrous composites. Some significant work has been 

9-20 

conducted in the last few years by a small number of investigators. 

The successful application of anisotropic photoelasticity has two important 
aspects, the preparation of suitable model materials and the development and 
application of the appropriate stress- (strain-) optic law. 

2.2 MODEL MATERIALS 

The basic requirements for a model material are that it be anisotropic, 
transparent and birefringent. The degree of anisotropy must be variable and 
adjustable to allow modeling of a variety of prototype composites. Transpar- 
ency should be sufficient to allow viewing and recording of isochromatic 
fringes under transmitted polarized light. The material should have a low 
fringe value, i.e., it should be photoelastically sensitive. In addition to 
the optical requirements, the material should have a sufficiently high propor- 
tionality limit before it deforms nonlinearly or starts to fail. The material 
is basically a glass-fiber reinforced plastic with the glass fibers and the 
polymeric matrix having the same index of refraction. 

The first known atteifipt to produce a transparent birefringent composite 

Q 

was described by Horridge. He used a Marco 28C resin (Scott Bader and Co.) 
and glass cloth and achieved a 0.50 fiber volume ratio. Because of the rela- 
tively high (for birefringent composites) fiber volume ratio, the fringe value 
was relatively high and it required the use of a compensator to measure frac- 
tional fringe orders. However, he reached the fifth or sixth fringe in simple 
tension for a 0.64 cm (1/4 in.) thick laminate. 

Pih and Knight^^ used a modified E-glass roving (W-1 glass by Owen-Corning 
Fiberglas, Inc. with a K895 finish). The matrix used was a room-temperature 
curing resin, Epon 815 (Shell Chemical Co.) cured with TETA and allyl glycidal 
ether. The pot life of this resin system was a little too short (approximately 
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1-1/2 hours) to allow fabrication of large plates. The material was produced 
by winding resin-impregnated glass roving around a flat mandrel . 

Sampson^ ^ produced a material of 0.40 fiber volume ratio by dry winding 
HTS glass roving and impregnating subsequently in vacuum with DER 332 resin 
cured with Hexahyrdrophthal ic anhydride (Dow Chemical Co.). He achieved a 
close match of the two indices of refraction to 1.5490. 

1 2 

Dally and Prabhakaran used glass fabric (Style 7500) containing E-glass 
fibers with a Volan finish. The matrix material was Paraplex P444A (Rohm and 
Haas Co.) polyester resin blended with 30 percent styrene to give an index of 
refraction equal to that of E-glass (1.548 ± .003). The blend was cured with 
0.5 percent benzoyl peroxide and 0.5 percent methyl ethyl ketone (MEK) peroxide. 
The fill fibers were removed from the glass fabric and then the glass was soaked 
in a resin bath. Laminates consisting of several resin-impregnated plies were 
rolled between two sheets of mylar to remove all entrapped air and placed be- 
tween heavy plates to prevent re-entry of air. The curing cycle consisted of 
2 hrs at 340 degK (153°F) and 4 hrs at 373 degK (212°F) under a pressure of 
69 kPa (10 psi). The completed laminates consisted usually of 15 plies and 
were 1.91 mm (0.075 in.) thick. Thicker laminates are made by bonding thin 

ones together. Birefringent composites used at the LIT Research Institute 

20 

were made by the same procedure above with satisfactory results. 

14 

Pipes and Rose attempted to produce an orthotropic model material. 

They used S-glass fibers stretched between alignment combs and impregnated 
with epoxy resin (PL-2, Photolastic, Inc.). However, they only achieved a 
fiber volume ratio of 0.03 and an anisotropy ratio of £ 11/^22 “ 2.1, where 
E.|.j and E 22 the moduli in the fiber and transverse to the fiber directions. 

21 

More recently Agarwal and Chaturvedi described the development of bire- 
fringent composites of improved transparency. They obtained an improved glass/ 
polyester material by closely matching the indices of refraction of the fibers 
and the matrix and by controlling and minimizing the entrapped air. 

From the discussion above, it appears that there are almost as many fab- 
rication procedures as there are investigators in this field. There is, 
therefore, a need to review critically all known processes and improve them or 
develop new optimized procedures utilizing the best available constituent 
materials . 
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2.3 MATERIAL CHARACTERIZATION 


The basic unidirectional material is mechanically and optically anisotropic. 
Mechanical behavior in the linear range is characterized by two moduli, two 
Poisson's ratios and an in-plane shear modulus. 

E.j.^ : in the fiber direction 

E22' transverse to the fiber direction 

G.|2: in-plane shear along the fibers 

V-J2: major Poisson's ratio 

V21 : minor Poisson's ratio. 

Birefringent behavior is described by three photoelastic constants f^^ f22 
and f.|2 relating birefringence to longitudinal , transverse and in-plane shear 
stress, respectively. 

pih and Knight pioneered work in this area and developed a stress-optic 
law based upon a stress-proportioning technique. Later, Sampson formulated 
a stress-optic law which hypothesized the concept of a Mohr's circle of bire- 
fringence.^^ In addition, Sampson introduced the concept that three photo- 
elastic constants are required in order to characterize these new materials 

photoelastically. Dally and Prabhakaran developed simple methods for the 

/ 

fabrication of the fiber-reinforced birefringent material , and predicted the 

three fundamental photoelastic constants based upon properties of the consti- 
1 2 

tuents. Both experimental and theoretical results presented closely agreed 
with the stress-optic law formulated by Sampson. Bert has shown that the con- 
cept of a Mohr's circle of biregringence as proposed by Sampson, is a direct 

13 

result of the tensorial nature of birefringence. Pipes and Rose expressed 

14 

a strain-optic law based on one strain fringe value alone. , Prabhakaran 

examined and verified Sampson's stress-optic law under biaxial stress condi- 
1 5 

tions. He also identified a class of materials for which the simplified 
strain-optic law proposed by Pipes and Rose is a reasonable approximation.^^ 
Cernosek recently showed the equivalence of Sampson's phenomenological theory 
and the stress-proportioning concept. He also showed that the optical iso- 
clinic parameter can be predicted accurately, even in the presence of residual 
birefringence. More recently, Knight and Pih formulated general stress- and 
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strain-optic laws by using tensor forms of stress, birefringence and stress 
1 8 

fringe values. These relations were then simplified to the more familiar 
two-dimensional equations. Stress distributions in composite laminates with 
complex geometries have been obtained by anisotropic photoelasticity. 

The stress-optic law proposed by Sampson^^ is developed as follows: 

The birefringence per unit thickness in an isotropic material is given by 

N=^ (1) 

where p, q = major and minor principal stresses 
f = fringe value. 

The relation above, when referred to an arbitraty x-y systan of coordi- 
nates, takes the form 



Based on this form, Sampson postulated the following law for an ortho- 
tropic material : 



which involves three different material fringe values, f , f and f . 

In an anisotropic material, in general we can define and distinguish four 
sets of principal axes: principal material axes along which the modulus has 

maximum and minimum values; principal stress axes where the stresses reach 
maximum and minimum values; principal strain axes where the strains reach maxi- 
mum and minimum values; and principal birefringence (or optical) axes where 
the components of birefringence reach maximum and minimum values. These sets 
of axes do not have to coincide, in general. 

If the x-y system is assumed to coincide with the principal material axes 
of the orthotropic material (fiber and transverse to the fiber directions of 
a unidirectional composite), the components of birefringence 
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(4) 
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"n 


a, 


22 


'22 2f 


22 


’12 


'21 

^2 


follow the same transformation relations as the corresponding stress components. 

Thus, an orthotropic material can be fully characterized optically by 
^determining the fringe values f^^, f 22 and f.j 2 * first two values can be 

easily determined by testing tensile coupons, say in 0-deg and 90-deg directions 
with respect to the fibers, as described previously. The value of f ^2 i^equires 
a pure shear test which is not easy to conduct. However, it can be computed 
from the values of f-|i, f 22 and f^g, the latter being determined from a tensile 
coupon at 45-deg to the material axes. 

From considerations of equilibrium and stress-transformation relations. 
Equation 3 yields 

- 1/2 

(5) 

where 6 is the angle between the principal stress p and the 1-direction. By 
determining f^-j, f 22 and f^g, Equation 5 can be solved for f-j 2 by substituting 
0 = 45°. 

13 

In introducing the tensorial nature of birefringence, Bert proposed that 
the general unidirectional fiber- reinforced composite material could be con- 
sidered similar to an orthorhombic crystal which possesses three principal 
material directions. Thus, the components of the birefringence tensor N.. are 

* J 

related to the stress components in the lamina coordinate systan as follows: 


11 


l(cos ^0 - :^^sinS)^ + 

^22 f2^ 


sin^20| 


*^11 " ® 11^11 ^ ^ 12^22 ^ ®"^12 


^22 ^ 21^11 ^ 22^22 ^"^12 
Ni 2 = Ooii + 0022 ^66*^12 
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where the are photoelastic constants. 

The familiar stress-optic coefficients can be expressed in terms of the 

photoelastic constants, B... 

* J 


11 ■ 2 (B^^ - 


'22 " 2 (B22 - 8^2) 


(7) 


12 B 


66 


The isoclinic angle is given by 
tan2(J) = 


■^® 66'^12 


-4Ti2/fi2 


(Bii - B2i)a.,i- (B22 ^12^^22 c^/fii - <^2/^22 


( 8 ) 


The strain-optic law may be derived from the stress-optic law through 
substitution of the constitutive relations into Equation 3. This does not imply 
any hypothesis regarding the physical origin of birefringence, but simply re- 
cognizes the fact that the stress, strain and birefringent tensors are inter- 
related mathematically. 

An orthotropic material under plane stress is characterized by the following 

22 

constitutive relationships: 


^11 " ^ 11^11 ^ 12^22 

^22 ~ ^ 12^11 ^ 22^22 

”^12 " ^ 66^12 

where Q. . are the material stiffness constants and the stresses and strains 

* w 

are referred to the principal material axes. 

The strain-optic coefficients f^.| , f^^ ^]2 given in terms of the 

stress-optic coefficients and the material stiffness constants Q. .. 

• J 


8 



^11^22 


'll 


'22 


^22^11 


^ 11^12 


^11^22 

^ 11^22 ’ ■^ 22^12 
^12 


'12 2Q 


66 


( 10 ). 


The isoclinic angle may, therefore, be related to the strain components and 
strain optic coefficients as follows: 


tan2(j) 


^^12/fl2 


( 11 ) 
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3. MATERIAL DEVELOPMENT 


Materials and processes used to date by various investigators, including 
the writer, were reviewed critically. Mechanical and optical limitations of 
available materials were studied and guidelines for improvement established. 

The major requirements for a matrix resin are the following: 

(1) It should be transparent when cured and 
amenable to small variations in the index 
of refraction. 

(2) It should have a sufficiently long pot 
life, i.e., 4 to 6 hours. 

(3) It should be curable at or near room 
temperature with minimum shrinkage, so 
as to minimize initial birefringence. 

(4) It should have sufficient birefringent 
sensitivity, i.e,, a low material 
fringe value. 

The following matrix materials were considered: 

(1) Epon 815, cured with various amounts of 
amine hardeners, such as DETA or TETA. 

(2) DER 332 epoxy cured with HHPA. This 
resin can also be cured with DETA and 
modified (plasticized) by mixing it 
with DER 732. 

(3) Polyester resins such as Paraplex P444A 
blended with styrene. 

(4) Maraset 658/558 epoxy resin (Marblette 
Corp. ) . 

(5) Ciba 502 resin with Type 956 hardener. 

Preliminary tests with DER 332 (Dow Epoxy Resin) cured with 75 phr HHPA 
(hexahydrophthalic anhydride) showed that the material has a very long pot 
life. It takes more than two days to gel at 373°K (212°F). Curing was accel- 
erated by adding approximately one percent of TETA (Triethylene Triamine) or 
DEH 24. However, the addition of the accelerator makes the otherwise white 
resin yellowish. Epon 815 was found to yield somewhat darker castings. 
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Experiments with polyesters yielded satisfactory sheets, but they required 
relatively high temperatures for curing and postcuring (342°K, 155°F; and 373°K, 
212°F). 

The Maraset resin system was found the most satisfactory. The basic resin, 
Maraset 658, is mixed with the hardener, Maraset 558, in a 2:1 ratio by weight. 
The resin and hardener are heated to 325°K (125°F) and mixed. The resin has a 
pot life of several hours and cures at room temperature with a minimum amount 
of shrinkage. The casting is water clear. It has an index of refraction very 
close to that of E-glass (1.548). 

The availability of suitable glass fibers was investigated. Owens Corning 
Fiberglass and PPG Industries were contacted. The W-1 single-end yarn with 
P678 or K895 finishes is no longer available. Preliminary tests with available 
glass rovings having a silane binder resulted in opaque samples. A quantity 
of glass roving without any finish was received from Owens Corning Fiberglass. 
Several samples were prepared using this roving and three types of resin matrix, 
DER 332, Maraset 658/558 and Paraplex P444-A. In all cases the transparency 
was unsatisfactory, probably because of poor wetting of the bare glass roving. 

In the absence of suitable glass roving, a quantity of glass fabric of 
Style 7500 with Volan finish was obtained from J. P. Stevens and Co. The Volan 
finish is a methacrylate chromium complex applied to the glass fabric after 
burning off the silane finish. Layers of unidirectional glass fibers were 
obtained from the glass cloth above by pulling out the fill fibers. 

Unidirectional glass/epoxy laminates were prepared using fibers from the 
glass cloth above impregnated with Maraset 658/558 resin system. Layers of 
unidirectional fibers were held together by tape at their ends and stapled to 
wooden strips. The fibers were stretched slightly in a frame made of these 
wooden strips and two threaded rods. Initially, fifteen layers of glass fibers 
were stretched over the frame and the frame mounted over the bottom part of the 
mold. Resin was poured over the glass fibers until they were completely covered. 
The open face mold was then placed in a vacuum oven where vacuum was drawn for 
approximately 30 min. at 311 °K C.100°F). Then, the laminate was covered with 
a teflon film stretched over it and the mold cover plate. Pressure was applied 
in a variety of ways, mechanically through clamps; by bagging the layup and 
applying vacuum; or by applying external pressure in an autoclave. 
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Specimens for development of optimum fabrication parameters were 12.7 cm 
X 22.9 cm (5 in. x 9 In.) 15 to 20-pltes thick. The three most important 
criteria used at this stage were transparency, thickness uniformity and absence 
of air bubbles. A number of specimens was prepared, some of which were very 
satisfactory. 

One of the initial 15-ply laminates was used for preliminary determination 
of optical and mechanical properties. The laminate was approximately 2,41 mm 
(0.095 in.) thick. Coupons were machined from this laminate at 0-, 90- and 
45-deg to the fiber direction. These coupons were nominally 2.54 cm (.1 in.) 
wide with lengths varying from 12.7 cm to 22.9 cm (5 in. to 9 in.). Two coupons 
of each of the three fiber orientations were tabbed and loaded in tension in 
the pplariscope. Birefringent measurements were made at each of several load 
levels. Photoelastic results for six coupons are shown in Figures 1 to 3. 

The material fringe values obtained from these tests are: 

f.|^ = 41.0 kPa-m/fr (234 psi-in./fr) 
f^2 = kPa-m/fr (110 psi-in./fr) 
f^g = 18.1 kPa-m/fr (103 psi-in./fr) 

The laminate had a residual birefringence of 0.43. 

Another set of coupon specimens, two each for the 0-, 45- and 90-deg 
fiber directions, were instrumented with strain gages and loaded in tension. 
Stress-strain curves are shown in Figures 4 to 6. Mechanical properties 
determined from these curves are: 

19.4 GPa (.2.81 X 10® psi) 

7.1 GPa (1 .03 X 10® psi) 

7.0 GPa (1 .02 X 1 0® psi) 

0.33 
0.12 
0.36. 
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The ratio of the longitudinal to the transverse modulus is 2,73 which is lower 
than the desired one of at least 4. Attempts were made to increase the glass 
content or, equivalently, to reduce the laminate thickness for the same amount 
of glass. 

The J. P.. Stevens and Co. was contacted regarding additional supplies of 
glass cloth with. Volan finish. It was found that this finish is no longer 
available. However, two new finishes are supplied with their glass fabrics. 
Finish S-910 is an ultra high performance finish compatible with polyester 
resins. Finish S-920 is a similar one for epoxy resins. Large quantities of 
glass fabric of Style 7500 with S-920 finish and Style 3733 with S-910 finish 
were obtained. 

A large number of samples were prepared using fibers from these two fabrics 
with three types of matrix resins: DER 332, Maraset 658/558 and Paraplex P444-A. 

Of the three resin systems, Maraset 658/558 produced the clearest laminates. 

Of the two glass fabrics. Style 3733 seems to give slightly better results be- 
cause the fibers are not twisted like those of Style 7500 and, therefore, they 
wet better and are less prone to entrap air. 

A second laminate made of 30 plies of Style 3733 glass and Maraset resin 
was selected for prel iminary mechanical and optical characterization. The 
glass was prepared by pulling out the fill fibers from the fabric as before. 

The resin was brushed over the glass plies until they were all wetted. Then, 
the layup was covered with 0.025 mm CO. 001 in.) thick Teflon sheets on both sides 
and the entrapped air squeezed out with a roller. Subsequently, the laminate 
was bagged, vacuum was drawn, and a pressure of 138 kPa (20 psi) was applied 
in the autoclave. Then, the vacuum was cut off and the bag allowed to vent to 
atmosphere while still under pressure. Curing was completed at room temperature 
under pressure. The resulting thickness was t = 2.54 ± 0,13 mm CO. 100 ± 

0.005 in.). The transparency was good and the surfaces smooth. Three coupons, 
2.54 cm (1 in.) wide and 15.24 cm (6 in.) long, were machined from this laminate, 
tabbed with glass/epoxy tabs and instrumented with strain gages. They were 
then loaded in tension in steps. Photoelastic and strain gage readings were 
taken at each load level. 

Photoelastic results for these specimens are shown in Figures 7, 8, and 9. 
The material fringe values obtained from these tests are: 
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The laminate had a residual Birefringence of 0.45. TBe results above show that 
this laminate is appreciably less sensitive photoelastically than the laminate 
with the Style 7500 glass, although the latter contained only a slightly lower 
quantity of glass by weight. 

Stress-strain curves for the same laminate above are shown in Figures 10, 
11 and 12. Moduli and Poisson's ratios determined from these tests are: 
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The ratio of the longitudinal to the transverse modulus is 3.61, which is 
appreciably higher than before, but still under the desired value of 4. The 
longitudinal modulus for 30 plies of Style 3733 glass is appreciably higher 
than that for 15 plies of Style 7500 glass although the former contained only 
a little more glass than the Style 7500 laminate. 

Experiments were continued for the development of a satisfactory laminate 
fabrication process. Large plates 33 cm x 33 cm (13 in. x 13 in.) were pre- 
pared with Styles 7500 and 3733 glass using the Maraset 658/558 resin system. 
In both cases clear laminates with smooth surfaces were obtained. The first 
group of specimens was prepared with 20 layers of Style 7500 glass with S-920 
finish. The resulting thicknesses ranged between 2.67 mm (0.105 in.) and 
3,56 mm (0.140 in.). A second series of plates was prepared using 30 layers 
of Style 3733 glass with S-910 finish. Several modifications were introduced 
in the fabrication procedure in order to obtain thinner laminates with higher 
glass content. More resin was squeezed through the ends of the plate by 
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rolling more vigorously between the teflon sheets; strips of glass cloth were 
added at the ends to soak excess resin; special cavities were provided at the 
ends in the mold to hold excess resin; the curing pressure was increased to 
656 kPa (95 psi). The average thickness of these plates was 2.72 mm (0.107 in.) 
which was judged unsatisfactory because of the low glass content (less than 
50 percent). 

A different method for drawing out excess resin from the layup was in- 
vestigated. The applicability of using bleeder plies as in conventional auto- 
clave curing of prepreg layups was investigated. Several 15.2 cm x 25.4 cm 
(6 in. X 10 in.) specimens were prepared for this purpose. The matrix resin 
was poured over the fibers divided into three batches of 10 layers each. The 
layup was placed over a teflon sheet and covered with a separator sheet and 
several plies of 1581 glass cloth. The layup was then bagged and partially 
cured in the autoclave under vacuum and pressure. After partial cure, the 
glass cloths with the separator were removed and replaced with a teflon sheet. 
The laminate was rebagged and cured under pressure at an elevated temperature. 
The purpose of the second stage of curing was to smooth out the rough imprint 
of the separator on the top surface of the plate. Several curing parameters 
were investigated, i.e., duration, vacuum, pressure and temperature of first 
and second stages of cure. 

In the final stages of the program a new process was developed for laminate 
fabrication. Type 1062 glass roving was obtained from PPG Industries. This 
roving was dry-wound on an open metal frame in a filament winding machine. 

The detailed fabrication procedure is discussed later in this report. Differ- 
ent types of frames were used to produce unidirectional and multidirectional 
windings. The matrix resin is poured in two halves on each side of the fiber 
layup and spread over the surface as uniformly as possible. The wet layup is 
covered on both sides by two teflon sheets and placed in a blanket press be- 
tween two thick steel pressure plates. The assembly is then covered with a 
vent glass cloth and the blanket. Vacuum is drawn for approximately thirty 
minutes and the layup is cured under pressure at room temperature. This fab- 
rication procedure resulted in satisfactory transparent laminates with embedded 
flaws. Satisfactory laminates up to 0.508 cm (0-200 in.) thick were fabricated. 
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4. FABRICATION OF BIREFRINGENT LAMINATES 


4.1 UNIDIRECTIONAL LAMINATES 

Following all prel iminary development and testing described heretofore, 
a general procedure was adopted for fabrication of unidirectional birefringent 
glass/epoxy plates. Style 3733 glass cloth with S-910 finish was used as the 
source of the reinforcing fibers. Maraset 658/558 epoxy system was used as 
matrix. The glass cloth was cut In rectangular 41.9 cm x 33,0 cm (16.5 in. x 
13 in.) pieces using 2.54 cm (1 In.) masking tape to hold the ends of the warp 
fibers together while removing the fill fibers (Figure 13). Reasonable care 
must be taken to avoid disturbing the fibers because this cloth is relatively 
fragile and is subject to fraying. It was selected because it has no noticeable 
twist. The unidirectional glass layers were then arranged in bundles of ten, 
stapled together at the taped ends to facilitate handling. A quantity of 180 g 
Maraset 658 resin was heated in a beaker to 317°K (110°F), then mixed with a 
quantity of 90 g Maraset 558 hardener and degassed for approximately three 
minutes. 

A bundle of ten layers of glass fibers was placed over a 0.051 mm (0.002 
in.) thick FEP teflon film. Approximately one-third of the resin was poured 
over it and spread with a spatula working the resin into the fibers (Figure 14). 
The fibers were kept stretched and straightened during wetting with the resin. 
Then, the next bundle of fiber layers was placed on top of the first one and 
another third of the total resin was poured and spread over it. The operation 
was repeated with the third bundle and the remaining resin. 

The wet layup with the teflon film was placed over a 34 .3 cm x 40.6 cm x 1.91 
cm (13,5in.xl6in.x0,75 in.) steel plate lined with 3.17 mm x 6.35 mm (1/8 in. 
X 1/4 in.) Corprene dam along two edges. On top of the layup were placed 
in succession a layer of TK 1040 separator (teflon coated glass scrim cloth), 
three plies of 1581 glass bleeder cloth, a 0.051 mm (0.002 in.) thick teflon 
film perforated on 5 cm (2 In.) centers and one ply 1581 glass cloth acting 
as a vent for drawing vacuum (Figures 15 and 16). This assembly was then 
covered with a 33 cm x 33 cm x 1,91 cm (.13 In. x 13 in. x 0.75 In.) steel 
pressure plate which In turn was covered with glass cloth buffer to prevent 
tearing of the vacuum bag over the sharp corners of this plate (Figure 17). 
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The autoclave was pre-heated to a temperature of 325°K (125°F). The 
assembled layup was vacuum-bagged over the heating plate of the autoclave with 
a Capran film (nylon film by Allied Ghenical) sealed with Presstite (Figure 17) 
Full vacuum was drawn and a pressure of 690 kPa (100 pst) was applied. After 
15 minutes, the vacuum was cut off and the bag allowed to vent to atmosphere 
while still under pressure. The plate was partially cured for one hour. After 
wards, it was removed from the autoclave and placed in a freezer for approxi- 
mately five minutes. When the resin became firm enough, the separator and 

glass bleeder layers were removed and replaced with a 0.051 mm (0.002 in.) 
thick teflon film (Figure 18). The layup was re-bagged and postcured in the 
autoclave under vacuum and 690 kPa (.100 psi) pressure at 342®K (,155®F) for one 

hour. The purpose of this second stage of curing was to smooth out the imprint 

of the separator layer on the top surface of the glass/epoxy plate. 

The procedure above was followed in the fabrication of ten 33 cm x 33 cm 
(13 in. X 13 in.) unidirectional glass/epoxy plates. The nominal thickness 
was 0.203 cm (0.80 in.). (These plates were designated as 200 series.) 

4.2 MULTIDIRECTIONAL LAMINATES 

The procedure discussed before was modified for the fabrication of multi- 
directional laminates. Two sets of specimens were fabricated of the following 
layups: [''■45^/-45^]2g and [0^/+45^/-4 5^/90^]^. The specimens are 32 plies 
thick and made up by stacking groups of four unidirectional glass layers at the 
various orientations. The glass fiber bundles were strung over a 1.91 cm 
(0.75 in.) thick plywood plate with a 35 cm x 35 cm (13.75 in. x 13.75 in.) 
squate cutout covered first with a 0.051 mm (0.002 in.) thick teflon film. In 
this case, 300 g of mixed resin and hardener were poured over the glass fibers 
from the top and spread out as uniformly as possible. On top of the layup were 
placed in succession a layer of TX1040 separator (teflon coated glass scrim 
cloth), two plies of 1581 glass bleeder cloth, a 0.051 mm (0.002 in.) thick 
teflon film perforated oh 5 cm (2 in.) centers and one ply 1581 glass cloth 
acting as a vent for drawing vacuum (Figure 19). A 1.91 cm (0.75 in.) thick 
33 cm X 33 cm (13 in. x .13 in.) steel plate was placed underneath the layup in 
the cutout of the plywood plate. The assembly was then covered with another 
steel pressure plate of the same dimensions above which, in turn, was covered 
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with glass cloth buffer to prevent tearing of the vacuum bag over the sharp 
corners of this plate. 

Curing was accomplished in a blanket press autoclave. The autoclave was 
preheated to a temperature of 322°K (120°F). Vacuum bagging was accomplished 
by means of a neoprene blanket covering the layup and clamped between the two 
platens of the press. Initially, vacuum was applied for 25 minutes to facili- 
tate wetting of the fibers before application of the separator and bleeder 
cloths. The specimen was removed from the autoclave temporarily, for the addi- 
tion of two bleeder layers. In the first stage of curing, the specimen was 
subjected to full vacuum and a pressure of 276 kPa (40 psi) for 25 minutes at 
a temperature of 322°K (T20°F). The partially cured plate was then removed 
from the autoclave and placed in the freezer for 5 minutes. When the resin 
became firm enough, the separator and glass bleeder layers were removed and 
replaced with a 0.051 mm (0.002 in.) thick teflon film. The plate was then 
post-cured for one hour under 690 kPa (100 psi) pressure at a temperature of 
342°K (155°F). 

The procedure described above was used to fabricate ten t+^S4/"^5^32s 
ten [04/+45^/-45^/90^]^ plates 33 cm x 33 cm (.13 in. x 13 in.). The nominal 
thickness was 0.203 cm (0.080 in.). (These plates were designated as 300 and 
400 series, respectively.) 

4.3 LAMINATES WITH EMBEDDED FLAWS 

A new laminate fabrication process was developed for this phase of the 
program. Type 1062 glass roving obtained from PPG Industries was used. This 
roving was dry-wound over various metal frames to produce windings for the 
various laminates. Unidirectional plates were started by winding the glass 
roving over an open steel frame of dimensions 35.6 cm x 44.5 cm (14 in. x 17.5 
in.) in a filament winding machine CFigure 20). Four complete windings were 
used for an eight-ply plate. In this new fabrication process the ply thickness 
was approximately four times the ply thickness obtained by the process des- 
cribed before. The glass roving was taped along the two edges normal to the 
fiber direction after every winding to prevent slippage of the glass during 
winding of additional plies. The frame had screw adjustments to allow a slight 
translation of one of the bars over which the glass is wound. This adjustment 
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is made after completion of the winding to release some of the tension in the 
roving. Some slack is necessary because of the finite width of the frame 
(0.64 cm; 0.25 in.) to allow all plies to come together. 

Angle-ply [+^52/-452]g laminates were started by winding glass roving over 
a larger steel frame of dimensions 59.1 cm x 59.1 cm (23.25 in. x 23.25 in.). 

Two complete windings in two perpendicular directions were used. The large 
frame used allows a. minimum 35.6 cm x 35.6 cm (14 in. x 14 in.) square to be 
cut from the center with the sides at 45-deg to the fibers. 

Fiber winding for quasi-isotropic laminates was a little more complicated. 
First, the 90-deg plies are wound over a small steel frame of inside dimensions 
35.6 cm X 35.6 cm (14 in. x 14 in.). One complete winding is used for the two 
center 90-deg plies. This frame is then mounted inside a large square frame 
having sides at 45-deg with the fibers, and the 45-deg plies are wound over two 
sides of the large frame (Figure 21). After completion of the 45-deg winding, 
the large frame was turned and mounted across the other sides and the -45-deg 
plies were wound (Figure 22). After completion of this winding, two pairs of 
bars with screws were mounted on the two sides of the frame at 45-deg with the 
sides and parallel to the 90-deg fibers in the interior. The screws were 
spaced 1.02 cm (0.4 in.) apart to correspond to twice the spacing of the roving 
during winding. The final outer 0-deg plies were layed by threading the glass 
roving by hand around the screw posts using a specially made threader (Figure 
23). 

Flaws in the form of film patches simulating delaminations were embedded 
between the various plies of the winding. Two types of flaws were used, teflon 
patches 0.076 mm (0.003 in.) thick and Kapton ipolyimide) film pillows. The 
latter were made by heat sealing or bonding two 0.025 mm (0.001 in.) thick 
Kapton films along the periphery of the flaw patch leaving the area around the 
center unbonded. This is considered an acceptable means for simulating delam- 
inations. The inclusions were of two shapes, square and round and of two sizes, 
1.27 cm (0.50 in.) and 0.64 cm (0.25 in.) side or diameter. 

Eighteen inclusions were embedded in each laminate as shown in Figure 24. 
They were at least 6.35 cm (2.5 in.) apart, arranged in three rows as shown. 

They were embedded between the second and third ply and between the fourth and 
fifth ply (middle surface). The inclusions were inserted in the intended 
locations in the dry winding by means of tweezers. 


19 



A quantity of 150 g of the Maraset 658/558 system was mixed as before. 

Half of this quantity was poured on one side of the winding and spread over the 
central area as uniformly as possible. Then, the wet layup was covered with a 
0.051 mm (0.002 in.) thicR teflon sheet (Figure 25). The plate was turned over, 
the remaining half of the resin was poured over it and spread and the plate was 
covered with another similar teflon sheet. 

The frame with the wet layup between teflon sheets was mounted over a 
1.91 cm (0.75 in.) thick plywood plate with a 35 cm x 35 cm (13.75 in. x 13.75 
in.) square cutout. The assembly was placed in the autoclave press over a 1.91 
cm (0.75 in.) thick 33 cm x 33 cm (13 in. x 13 in.) steel plate. A second steel 
pressure plate was placed on top of the layup (Figure 26). This plate was 
blocked with wooden liners to blunt the sharp edges. Finally, the assembly was 
covered with glass cloth to provide vacuum passage and the rubber blanket 
(Figure 27). Full vacuum was drawn and a pressure of 656 kPa (95 psi) applied. 
The vacuum was cut off after 30 minutes and the plate cured under pressure at 
room temperature in approximately 18 hours. 

Six plates with embedded flaws were fabricated, two of each of the [Og], 
[±45]2g, and [0/±45/90]g layups. The nominal thickness was 0.216 cm (0.085 in.). 
Photographs of typical plates are shown in Figures 28, 29, and 30. 

4.4 THICK LAMINATES 

The same procedures used in fabrication of laminates with embedded flaws 
were used to fabricate thick laminates. Sixteen-ply laminates of the following 
layups were fabricated; [0-|g]> t'''^^2^”^^2^2s glass 

roving was wound around the frames as before, but with twice as many windings 
in each direction. Twice as much resin (300 g) was used to wet a 33 cm x 33 cm 
(13 in. X 13 in.) area in the center of the winding. The plates were cured at 
room temperature under pressure and vacuum as discussed before. Nine plates 
were fabricated, three of each of the three layups mentioned above. The ply 
thickness was the same as in the case of plates with inclusions and approxi- 
mately four times the ply thickness obtained by using Style 3733 glass cloth 
as discussed before. The nominal thickness of the thick laminates was 0.427 cm 
(0.168 in.). 
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5. mechanical and Optical characterization 


5.1 MATRIX RESIN 

The matrix material was the Maraset 658/558 system obtained by mixing 
Maraset 658 epoxy resin with Maraset 558 hardener in a 2:1 ratio. 

The density of the resin determined by measuring the volume and weight of 
a small prismatic sample is: 

= 1,185 kg/m^ (0.043 Ib/in.^) 


Mechanical and optical properties were determined by testing under uniaxial 
tension, a coupon specimen 20.3 cm (8 in.) long, 2.54 cm (1.00 in. wide) and 
0.241 cm (0.095 in.) thick instrumented with strain gages. Stress-strain curves 
are shown in Figure 31. The stress-birefringence curve is shown in Figure 32. 
Properties obtained from these curves are: 
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3.39 GPa (0.49 x lo"^ psi) 
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5.2 UNIDIRECTIONAL GLASS/EPOXY (MARASET/3733) 

The material used in the first batch of composite pi atesmade of Maraset 
658/558 resin and Style 3733 glass was characterized by testing coupons cut 
from a unidirectional [O 3 Q] composite plate. 

The density determined by weighing a prismatic sample and measuring its 
volume is; 

= 1,926 kg/m^ (0.070 Ib/in.^) 


The fiber volume ratio, V^, was determined by the gravimetric method using 
the following relation: 



( 12 ) 
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where 


P^» P_> and p_ = densities of composite, matrix, and fiber, respectively. 

w III I 

Using the measured values of composite and matrix densities and the’ known value 

3 

of p^ = 2,540 kg/m for the glass fibers, we obtain 


= 0.547 


The values above are based on a sample thickness of 2.11 mm (0.083 in.). 

Coupons were machined from one of the lO^g] laminates made with Style 3733 
glass at 0-, 90-, and 45-deg to the fiber direction for mechanical and optical 
characterization. These coupons were 2.54 cm (1.0 in.) wide, 22.9 cm (9 in.) 
long and 2.16 to 2.26 mm (0.085 to 0.089 |n.) thick. They were instrumented 
with strain gages and loaded In tension in the polarlscope. Birefringence and 
strain measurements were taken at each of several load levels, Stress-strain 
and stress-birefringence curves for the 0-, 90-, and 45-deg specimens are 
shown in Figures 33 to 38. Mechanical properties obtained from these curves 
are : 
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=38.2 GPa (5.54 x 10^ psi) 
= 11 .5 GPa (1 .67 X 10^ psi) 
= 10.6 GPa (1 .54 x 10^ psi) 
= 0.30 
= 0.08 
= 0.40 


The ratio of the longitudinal to the transverse modulus is 3.32. 

Photoelastic properties obtained from the stress-birefringence curves are: 


f 

f 

f 


11 

= 73,0 

kPa-m 

fr 

(417 

psi-in, 

fr 

22 

= 40.1 

kPa-m 

fr 

(229 

psi -In. 
fr 

45 

= 34.9 

kPa-m 

fr 

(199 

psi-in. 

fr 


22 



Substituting the values above in Equation 5, we obtain: 


'12 


71 .1 


fr ^ fr ' 


The [Ogg] glass/epoxy specimen was tested again in tension to determine 
the mechanical and birefrtngent behavior of the material to failure. Stress- 
strain and stress-birefringence curves are shown in Figure 39. The axial strain 
remains linear up to a value of 0,010 corresponding to a stress of 386 MPa 
(56 ksi). Thereafter, it becomes nonlinear increasing at a slightly higher 
rate to failure. The strength and ultimate strain were: 


= 607 MPa (88 ksi) 

= 0.0161 

The birefringence response remains linear up to at least a fringe order of 4, 
corresponding to a uniaxial tensile stress of 310 MPa (45 ksi). Beyond this 
point the birefringence of the material becomes indistinct and fringe orders 
cannot be resolved. The limitation in fringe resolution is related to the 
inhomogeneity of the composite material and the slight mismatch in index of 
refraction between the resin matrix and glass fibers. This limitation is more 
pronounced with increasing fiber volume ratio. 

The measured mechanical and optical properties were compared with analytical 
predictions. The longitudinal modulus predicted by the rule of mixtures is given 
by 



+ 0 - Vf) E 


m 


(13) 


where 

= fiber volume ratio 

E^, E^ = fiber and matrix moduli, respectively, 
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Substituting the values,: 

= 0.547 

= 72.5 GPa 00.5 x 10® psil 
= 3.39 GPa (0.49 x 10® psil 

we obtain 

E^.| = 41 .1 GPa C5.96 x 10® psi) 

which is higher than the measured value of 38.2 GPa (5.54 x 10® psi). The 
agreement is a much better one if the fiber volume ratio, of the sample is ad- 
justed for the larger specimen thickness than that on which the value of is 
based. Thus, the adjusted density of the tensile specimen is: 

= 1,926 1 ,926 (||) = 1 ,837 kg/m^ 

where t^ and t are the thickness of the reference and test specimens, res- 
pectively. The adjusted fiber volume ratio then is = 0.482. Using this 
value in the rule of mixture we obtain a predicted value for the modulus 

E^^ = 36.6 GPa (5.31 x 10® psi) 

The fringe values determined experimentally were compared with those pre- 

12 

dieted by the stress-proportioning concept proposed by Dally and Prabhakaran. 
The longitudinal fringe value is predicted by the relation 



where 

f«. f = fiber and matrix fringe values 
T m 

V = matrix volume ratio, 
m 
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Substituting the values: 

= 0.482 

V = 0.518 
m 

= 3.39 GPa (0.49 x 10® psi) 
E, = 72.5 GPa (10.5 x 10® psi) 


f = 9.29 
m 


Mm! (53.0 MdlU 

fr ' fr 
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= 119.1 


kPa-m 

fr 


(680 (Reference 12) 


we obtain 


f„ = 76.0 (434 £51^) 


which is in very good agreement with the measured value. 

The transverse fringe value is predicted by the relation: 
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where 


Vf, = Poisson's ratios of fiber and matrix materials, respectively 
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Substituting the various measured and computed values of constants and 

1 2 

parameters, including the value of = 0.2, we obtain: 


f = f = 33 5 (191 Billing) 

^22 fr fr ’■ 


which is somewhat lower than the measured value of 229 (*psi-in . )./fringe . 

12 

The shear fringe value is predicted by the relation: 


'12 


[ • * * * * 

Vf + (G„/G.) V, 


m 




m 


V, f + 
f m 


''n, ff 


(16) 


where 

G; = < G,/[G^ + 2V; (G^ - Gf)] 

G^,G^ = shear modulus of fiber and matrix materials, respectively. 
Substituting measured and computed values in Equation 16 we obtain: 


f^2 = 58.2 


kPa-m 

fr 


(332 

fr 


which is lower than the value of 71.1 (406 computed from measured 

quantities. 


Experimental results for birefringent properties were also compared with 

1 8 

predictions obtained by Knight and Pih using a finite elanent analysis. The 
predicted properties are; 


'll 


'22 


'12 


II II 

39.0 KPiini (223 

fr fr 

47.3 (270 

fr fr ' 
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Of these values, the longitudinal and transverse fringe values are in good 
agreement with measured quantities, but the shear fringe value is much lower 
than the one computed from measured properties. 

5.3 UNIDIRECTIONAL GLASS/EPOXy CMARASET/1062); 

This material which was used for the laminates with flaws and the thick 
laminates was fabricated using glass roving in the filament winding process 
described previously. It is expected that brrefringent and mechanical proper- 
ties of this material may be somewhat different from those of the material with 
Style 3733 glass. However, the characterization of this additional batch of 
material was not completed because of time and fund limitations. 
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6 . SUMMARY. CONCLUSIONS, AND RECOMMENDATIONS FOR FUTURE WORK 


Materials were selected and fabrication procedures developed for ortho- 
tropic birefringent materials. The Maraset 658/558 system consisting of Maraset 
658 epoxy and Maraset 558 hardener was selected as the matrix resin. This 
resin has a pot life of several hours: and cures at room temperature with a 
minimum amount of shrinkage, producing a water-clear casting. In the first 
batch of composite plates fabricated, the reinforcing fibers were obtained from 
Style 3733 glass cloth (J. P. Stevens and Co.) with S-910 finish. In the second 
batch of plates fabricated Type 1062 glass roving (PPG Industries) was used. 

Two different fabrication procedures were used. In the first one, layers 
of unidirectional fibers were obtained by removing the fill fibers from the 
glass cloth, stacked and impregnated with the resin matrix. The wet layup was 
bagged with bleeder cloths and cured in an autoclave at an elevated temperature 
of 342°K (1 55°F) . Ten plates of each of the [O^q] » 

[0^/+45^/-45^/90^]^ layups were fabricated. 

In the second fabrication procedure, the glass roving was dry-wound over 
various metal frames to produce windings for the various laminates. The dry 
windings were impregnated with resin and the layups were cured at room tempera- 
ture under pressure and vacuum in a blanket press autoclave. Six plates, two 
of each of the [Og] , [± 45 ] 2 ^, and [0/±45/90]^ layups, were fabricated with 
embedded teflon and Kapton disks. An additional nine plates were fabricated, 
three of each of the [Oi 0 ]s 

The matrix and the unidirectional glass/epoxy material were fully cha- 
racterized. The density, fiber volume ratio, mechanical, and optical proper- 
ties were determined. Results for the latter were in good agreement with pre- 
dictions based on a stress-proportioning concept and also, with one exception, 
with properties predicted by a finite element analysis. 

The last fabrication procedure developed is more advantageous as it can be 
used to produce laminates of any desired layup at least up to sixteen plies 
thick. Thickness control to within small tolerances of ±0.102 mm C±0.004 in.) 
is still difficult. Some further refinements are needed to insure better uni- 
formity among plates, since it was shown that the fiber volume ratio is very 
sensitive to the laminate thickness. 



The birefringence response of the material developed should he studied 
further as a function of fiber volume ratio, off-axis fiber orientation, and 
layup in multi-directional laminates. In tHe latter case, the predictive 
ability of various theories should be checked with direct expermental measure- 
ments of both birefringence and isocltnic parameters. 

The availability of transparent composite laminates of various layups 
affords the possibility of conducting macromechanical stress analyses by means 
of anisotropic photoelasticity. Stress distributions around stress raisers 
such as holes, cracks, and other defects can be studied experimentally. Thick- 
ness effects can be studied using the thicker laminates fabricated in this 
program. 

The property of transparency and birefringence should be utilized in study 
ing failure modes in notched and unnotched laminates, failure initiation, and 
failure propagation. The use of stereoscopic photography should be investi- 
gated as a means of determining the location of flaws and failures through the 
thickness. The study of failure initiation in the form of microcracks between 
fibers in various plies during cyclic fatigue is of great importance and could 
be greatly facilitated with these transparent composites. 

The ability to see and locate flaws easily should help in studying their 
influence and failure growth around them during service loading. Furthermore, 
the ability to detect and characterize flaws optically should serve to set 
standards for calibration of conventional nondestructive evaluation instrumenta 
tion such as ultrasonics. 

The method of anisotropic photoelasticity should be further utilized in 
structural applications of composites, such as bonded or bolted joints. 
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Figure 4, Stress-strain curves for [O 15 ] g1 ass/Maraset Composite 
under uniaxial tensile loading CStyle 7500; Specimens 1 and 2), 
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. Stress-strain curves for [ 9 O 15 ] glass/Maraset Composite 
uniaxial tensile loading (Style 7500; Specimen 4). 


36 



g- 1 234 

strain, (e), lO^e 

Figure 6. Stress-strain curves* for [45ic] glass/Maraset 
under uniaxial tensile loading (Style 7500; Specimens 5 
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■figure 10. Stress-strain curves for [ 039 ] glass/Maraset 
under uniaxial tensile loading (Style 3/33; Specimen No. 
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Figure 11. Stress-strain curves for [ 9 O 30 ] glass/Maraset composite 
under uniaxial tensile loading (Style 3733; Specimen No. 42-2). 
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Figure 12. Stress-strain curves for [452 q] glass/Maraset composite 
under uniaxial tensile loading (Style 3/33; Specimen No. 42-3). 
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Figure 13. Cutting the glass fabric and removing fill fibers. 
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Figure 14. Placing bundles of glass fibers over 
teflon film and pouring resin. 
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Figure 17. Composite layup with steel pressure 
plate and in vacuum bag before curing. 
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Figure 18. Removal of glass bleeder cloth after partial 
cure and application of teflon film. 
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Buffer Cloth Neoprene Blonket 
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Figure 19. Sketch showing the arrangement of material layers employed in the fabrication 
of angle-ply birefringent composite laminates during the first stage of curing. 
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. Mounting of frame with 90-deg plies inside 
rge frame and winding of 45-deg plies. 
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Figure 23. Threading of glass roving around screw 
posts for outer 0-deg plies. 
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24. Layout of embedded flaws in birefringent laminates. 
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Figure 25. Winding with resin spread over it 
and covered with teflon sheet. 
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Figure 26. Layup with pressure plate in autoclave press. 
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Figure 27. Curing of laminates in blanket press autoclave. 
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Figure 28. Unidirectional [Og] glass/epoxy plate with embedded 
flaws (1062 glass roving; Maraset 658/558 epoxy). 
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Figure 29. Angle-ply [±45]25 glass/epoxy plate with embedded 
flaws (1062 glass roving; Maraset 558/558 epoxy). 
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Figure 30. 
embedded 


Quasi-isotropic [0/±45/90]5 glass/epoxy plate with 
flaws (1062 glass roving; Maraset 658/558 epoxy). 
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Figure 31. Stress-strain curves for Maraset 658/558 epoxy resin 
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Figure 32. Stress-birefringence curve for 
Maraset 658/558 epoxy resin. 
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Figure 33. Stress-strain curves for [O 30 ] glass/epoxy composite 
(Style 3733 glass; Maraset 658/558 epoxy). 
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Figure 34. Stress-strain curves for [903 q] glass/epoxy composite 
(Style 3733 glass; Maraset 658/558 epoxy). 
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Figure 35. Stress-strain curves for [453 q] glass/epoxy composite 
(Style 3733 glass; Maraset 658/558 epoxy). 
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Figure 36. Stress-birefringence curve for [O 30 ] glass/epoxy 
composite (Style 3733 glass; Maraset 658/558 epoxy). 
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Figure 37. Stress-birefringence curve for [ 9 O 30 ] glass/epoxy 
composite (Style 3733 glass; Maraset 658/558 epoxy). 


68 


2.0 


T I I 1 n 

0 0.4 0.8 1.2 1.6 

FRINGE ORDER, (n) 

Figure 38. Stress-birefringence curve for [452q] glass/epoxy 
composite (Style 3733 glass; Maraset 658/558 epoxy). . 
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Figure 39. Stress-strain and stress-birefringence curves for [O 30 ] glass/epoxy composite 

(Style 3733 glass; Maraset 658/558 epoxy). 
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